West Nile virus (WNV) causes severe central nervous system (CNS) infection primarily in humans who are immunocompromised or elderly. In this study, we addressed the mechanism by which the immune system limits dissemination of WNV infection by infecting wild-type and immunodeficient inbred C57BL/6J mice with a low-passage WNV isolate from the recent epidemic in New York state. Wild-type mice replicated virus extraneuronally in the draining lymph nodes and spleen during the first 4 days of infection. Subsequently, virus spread to the spinal cord and the brain at virtually the same time. Congenic mice that were genetically deficient in B cells and antibody (MT mice) developed increased CNS viral burdens and were vulnerable to lethal infection at low doses of virus. Notably, a ϳ500-fold difference in serum viral load was detected in MT mice as early as 4 days after infection, a point in the infection when low levels of neutralizing immunoglobulin M antibody were detected in wild-type mice. Passive transfer of heat-inactivated serum from infected and immune wild-type mice protected MT mice against morbidity and mortality. We conclude that antibodies and B cells play a critical early role in the defense against disseminated infection by WNV.
West Nile virus (WNV), a single-stranded positive-polarity RNA virus, is the etiologic agent of West Nile encephalitis. WNV is maintained in a natural cycle between mosquitoes and birds but also infects humans, horses, and other animals. It is endemic in parts of Africa, Europe, the Middle East, and Asia (24) , and outbreaks in the United States over the past 3 years indicate that it has established its presence in the Western Hemisphere (28) . Humans develop a febrile illness, with a subset of cases progressing to a meningitis or encephalitis syndrome (24) . Currently, no specific therapy or vaccine has been approved for human use.
The molecular basis of WNV infection in humans and other animals is not clearly established. Although prior rodent models of WNV infection (5, 15, 16, 22, 49, 50) have shown evidence of viral replication in serum and the central nervous system (CNS), many of the mechanistic questions about pathogenesis and the immune response remain unanswered. For example, a peripheral site of replication has not been defined and the mechanism of spread to the CNS remains unclear. Additionally, a target cell for infection in the CNS has not been definitively identified, and whether tissue injury is related directly to viral infection or to the immune response remains unknown. Finally, although susceptibility to severe WNV infection correlates with an impaired immune system (1, 24, 46) , the mechanisms by which the innate and adaptive immune responses limit disease have not been established.
Experiments with related and unrelated RNA viruses have suggested that antibody may have an important protective role against WNV infection. Passive administration of monoclonal antibodies (MAbs) limits the encephalitis caused by some flaviviruses (Saint Louis encephalitis [32, 38] , Japanese encephalitis [25] , and yellow fever [7, 40, 41] viruses) and nonflaviviruses (Sindbis [19-21, 44, 48] , murine hepatitis [6, 33, 37] , and lymphocytic choriomeningitis [43] viruses). However, for many of these viruses the mechanism by which antibody attenuates CNS infection has not been clearly demonstrated. The in vitro properties of MAbs, including isotype, avidity, and neutralization, do not necessarily correlate with protection (2, 47), as antibodies may limit viral infection through different mechanisms at several stages of pathogenesis. Antibody may decrease viral load in the CNS by limiting hematogenous spread through direct neutralization, complement activation, or increased viral uptake by phagocytic cells (52) . Alternatively, antibodies may act directly in the CNS by preventing replication and spread in neurons (47) .
To date, no systematic infection and pathogenesis studies with WNV have been performed with immunodeficient inbred mice. In this study, we established a mouse model of infection with C57BL/6 mice that paralleled human disease: infection via a subcutaneous route resulted in a subset of mice developing encephalitis. Infectious virus appeared in the lymph node and spleen within the first 4 days of infection and then spread concomitantly to the spinal cord and brain. Congenic mice that were genetically deficient in B cells and antibody (strain MT) were vulnerable to lethal infection at very low doses of virus and developed higher viral loads in serum and the CNS. Because passive transfer of sera from infected and immune mice protected MT mice against morbidity and mortality after infection, we conclude that antibodies and B cells have a critical early role in the defense against disseminated infection by WNV.
in New York state in 2000 (14) and obtained from Laura Kramer (Albany, N.Y.). The initial isolate was harvested after inoculation of a mosquito homogenate into Vero cells (passage 0). All cell culture and in vivo studies used a stock (2 ϫ 10 8 PFU/ml) of this virus that was propagated (passage 1) once in C6/36 cells. Viruses were diluted in Hanks' balanced salt solution and 1% heat-inactivated fetal bovine serum for injection into mice.
Mouse experiments. All mice used in these experiments were derived from the inbred C57BL/6J strain (H-2 b ). The wild-type C57BL/6J and congenic MT mice (strain B6-Igh6-6 tm1Cgn ) were purchased from Jackson Laboratories (Bar Harbor, Maine). The congenic RAG1 mice (strain B6-RAG1 tm1Mom ) were a gift from E. Unanue, Washington University School of Medicine). The mice used for all studies were between 8 and 12 weeks of age and were inoculated subcutaneously with WNV by footpad injection after anesthetization with xylazine and ketamine. Mouse experiments were approved by and performed according to the guidelines of the Washington University School of Medicine Animal Safety Committee. Differences in survival times and outcome were analyzed by Kaplan-Meier analysis and the log rank test.
Adoptive transfer and passive sera administration experiments. Wild-type mice that survived primary WNV infection were maintained for 28 days. At this point, spleens were harvested and cells were released after dissection. Erythrocytes were removed after Ficoll gradient centrifugation, and the remaining cells were quantitated and phenotyped. Based on immunostaining with directly conjugated MAbs, the splenocyte population was found to consist of B cells (45%), CD4
ϩ T cells (30%), and CD8 ϩ T cells (20%). In some experiments, B cells were isolated to greater than 95% purity after negative selection with antibody-coated magnetic beads (Miltenyi Biotech Inc., Auburn, Calif.). Splenocytes (10 ϫ 10 6 ) or purified B cells (4 ϫ 10 6 ) were resuspended in endotoxin-free phosphatebuffered saline (PBS) and injected into the peritoneum of RAG1-deficient mice 1 day prior to infection with WNV.
Serum samples were isolated from naïve, infected (day 4 postinfection), or immune (day 28 postinfection) mice, heat-inactivated for 30 min at 56°C, and stored at Ϫ80°C. An aliquot was reserved for binding and neutralization titers (see below). For passive transfer experiments, mice were administered 0.5 ml of serum intraperitoneally 1 day prior to and after inoculation with 10 2 PFU of WNV.
Quantitation of viral burden in mice. For analysis of virus in tissues of infected mice, organs were recovered after cardiac perfusion with PBS and dissection, cooled on ice, weighed, homogenized using a Bead-Beater apparatus, and titrated for virus by performance of a plaque assay on BHK-21 cells as described previously (13) . Serum samples were obtained from whole blood by phlebotomy of the axillary vein immediately prior to sacrifice. Viral RNA was harvested from thawed aliquots (10 l) of serum by using a Qia-Amp viral RNA recovery kit (Qiagen, Palo Alto, Calif.). For analysis of viral RNA in tissues of infected mice, after dissection, tissue samples were snap-frozen in liquid nitrogen, thawed in a guanidinium isothiocyanate denaturing solution, passed over a silica binding resin (RNEasy kit; Qiagen), and eluted in RNase-free water. Viral RNA was quantitated by real-time fluorogenic reverse transcriptase PCR (RT-PCR) using an ABI 7000 sequence detection system (Applied Biosystems, Foster City, Calif.) according to a previously published protocol (27) . For each tissue sample, a parallel real-time RT-PCR was performed to quantify 18S rRNA (Applied Biosystems) to control for the amount of tissue in the original sample. Standard WNV and rRNA curves were run on each plate. Samples were run in duplicate, and the data obtained from several different mice for a particular experimental condition were averaged. The levels of WNV RNA in tissues were normalized for rRNA content so that the data were ultimately expressed as the genetic equivalents of WNV RNA per unit of 18S rRNA.
Quantitation of antibodies. The titer of neutralizing antibodies was determined by a standard plaque reduction neutralization assay (23) . Experiments were performed in duplicate, and plaques were scored visually. The results were plotted, and the plaque reduction neutralization titer for 50% inhibition (PRNT 50 ) was determined. To determine the specific immunoglobulin G (IgG) and IgM titers, a WNV antigen enzyme-linked immunosorbent assay (ELISA) was used (45) . Briefly, WNV-infected or uninfected (control) BHK21 cell lysates were adsorbed to Maxi-Sorp microtiter plates (Nalge Nunc International, Rochester, N.Y.). Nonspecific binding sites were blocked after incubation with blocking buffer (PBS, 0.05% Tween 20, 3% bovine serum albumin, 3% horse serum) for 1 h at 37°C. Plates were then incubated with serial dilutions of heat-inactivated serum from infected mice for 1 h at 4°C. After extensive washing, plates were incubated serially with biotin-conjugated goat anti-mouse IgM or IgG (Sigma Chemical) and horseradish peroxidase-conjugated streptavidin (Sigma Chemical) at 4°C and developed after addition of tetramethylbenzidine substrate (Sigma Chemical). Optical densities (ODs) at 450 nm were determined with an automatic ELISA plate reader (Molecular Devices). The OD value for the control antigen was subtracted from the viral antigen wells to obtain the adjusted OD value for each sample.
In some experiments, serum samples were depleted of IgM by chemical or immunologic means. Chemical depletion of IgM was performed by treating sera with 0.05 M ␤-mercaptoethanol in saline for 1 h at 37°C (35, 42) . Immunologic depletion was performed as follows: serum samples were incubated twice with an equal volume of anti-IgM-specific agarose for 1 h at 4°C. After centrifugation, the supernatant (1/4 dilution of the original sample) was titrated for the PRNT. Isotype depletion was confirmed by ELISA.
Immunohistochemistry. Immediately after euthanasia, organs were perfused with 4% paraformaldehyde in PBS. Freshly removed brains were immersed in 4% paraformaldehyde in PBS overnight. Six-micrometer-thick tissue sections were cut with a microtome after paraffin embedding and were dried overnight. Deparaffinization and antigen recovery treatments were performed (31) . Slides were incubated with rat anti-WNV or control serum, biotinylated goat anti-rat IgG, streptavidin-conjugated horseradish peroxidase, and diaminobenzidine. Slides were then counterstained with hematoxylin and reviewed by microscopy.
RESULTS
To define how the immune system protects against disseminated WNV infection, a mouse model of infection was developed in an inbred strain (C57BL/6J) that had an array of available genetic deficiencies in individual cells and mediators in the immune system. We first characterized infection in wildtype C57BL/6J mice with a low passage (P ϭ 1) viral isolate that was obtained from the New York state epidemic in 2000 (14) . The use of this strain was important because WNV strains isolated from North America are more virulent than those isolated from other regions of the world (4). A peripheral route of inoculation via the footpad was utilized to more closely mimic natural infection and to facilitate an analysis of viral replication and spread. Infection with the New York strain of WNV paralleled human disease. Seven to 10 days after subcutaneous inoculation, mice developed evidence of CNS infection, with a subset progressing to paralysis and death; immunohistochemistry documented WNV infection in CNS neurons (Fig. 1A) . During the course of infection, approximately 60% of the wild-type mice developed significant levels of infectious virus in their brains. In contrast, a subset (approximately 20 to 40%) of wild-type mice either never disseminated WNV into the brain or had viral loads that were below the level of detection of our plaque assay. Animals that succumbed to infection showed similar clinical signs 24 to 48 h prior to death, including fur ruffling, weight loss, hunchback posture, and limb paralysis. In adult 8-to 12-week-old mice, a characteristic dose-response curve was not observed (Fig. 2A) . Although lower doses (Յ1 PFU) were associated with better outcome, there was no significant difference in mortality rates at higher doses (35 to 45% mortality at 10 2 to 10 6 PFU). Even at the highest inoculating dose (10 7 PFU), less than 50% of the wild-type animals succumbed to infection, although all animals developed clinical signs and viral tissue burden consistent with infection (data not shown). This dose-insensitive survival curve is similar to that observed after infection of mice with Murray Valley encephalitis virus (30), a closely related flavivirus.
To assess the role of the immune system in limiting WNV infection, preliminary experiments were performed with congenic RAG1 mice that lacked both B and T cells. RAG1 mice were extremely vulnerable to infection. Even at the lowest dose (10 2 PFU) tested, 100% of the mice rapidly succumbed to infection (P Ͻ 0.0001) (Fig. 2B) brains of infected RAG1 mice (data not shown). Because these mice were so susceptible to infection, adoptive transfer studies were performed to define lymphocyte subsets that protected against disseminated WNV infection. Notably, immune splenocytes or B cells were sufficient to confer protection (immune splenocytes, P ϭ 0.006; immune B cells, P ϭ 0.01 [ Fig.  2C ]) to some RAG1 mice. To confirm the importance of B cells in mediating protection, infection experiments were performed with congenic B-cell-deficient mice. Mice that lack mature B cells (strain MT) exhibited a similar susceptibility to infection. At either the high (10 6 PFU) or low (10 2 PFU) dose tested, all animals succumbed to infection (P Ͻ 0.0001) (Fig.  2D) . The vulnerability of MT mice to infection was reflected by the fact that 50% of the animals died after a dose of 1 PFU (50% lethal dose) via footpad inoculation (data not shown).
To understand the mechanism by which a deficiency in B cells made mice vulnerable to lethal infection by WNV, infectious virus was measured in tissues by using plaque assays. Because the analysis was limited by the small amount of sample for some tissues (e.g., lymph nodes), the level of WNV or MT (open squares) mice at each time point were harvested, homogenized, and subjected to viral plaque assay in BHK21 cells. The limit of sensitivity of the plaque assay is indicated by the dotted line. Viral levels at day 6 (P Ͻ 0.03) and day 8 (P Ͻ 0.01) were statistically different between wild-type and MT mice as determined by two-tailed Student's t test. The following percentages of mice had viral burdens below the level of detection (Ͻ10 PFU/g): 80% of day 4 wild type, 40% of day 6 wild type, 20% of day 8 and day 10 wild type, 40% of day 12 wild type, 40% of day 4 MT and 0% of day 6 and day 8 MT.
RNA in tissues was assessed independently by real-time fluorogenic RT-PCR using primers that corresponded to a conserved nucleotide sequence in the WNV envelope gene (27) . The sensitivity of the RT-PCR assay was greater than that of the plaque assay, as WNV RNA that corresponded to 1 to 5 PFU (or ϳ100 to 500 copies of viral RNA) per gram was reliably detected (data not shown).
Distribution of WNV in tissues of wild-type and B-celldeficient mice. The levels of infectious virus and/or viral RNA were determined from sera, peripheral organs (spleen and liver), and the CNS (brain cortex and inferior and superior spinal cord) of wild-type (days 2, 4, 6, 8, 10, and 12) and MT (day 2, 4, 6, and 8) mice after infection with 10 6 PFU per mouse (Fig. 3) . Because MT mice rapidly succumbed to infection, data from the last two time points (days 10 and 12) were not collected. Several observations were noted.
(i) Viremia. In wild-type mice, viremia was detected at day 2 after subcutaneous infection but rapidly decreased to a level below detection by day 6. In MT mice, a comparable level of infectious virus (ϳ10 2 PFU/ml) was measured in sera at day 2 but this was followed by a sustained increase through day 8 until levels exceeded 10 4 PFU/ml (Fig. 3A) . Parallel results were observed when viral RNA levels were measured, with ϳ500-fold higher levels of WNV RNA being detected in MT mice within 4 days of infection (Fig. 3D) . Thus, B cells and antibody appear to be essential for containing the levels of WNV in serum.
(ii) Lymph nodes. The levels of WNV RNA in the draining popliteal and inguinal lymph nodes were similar between wildtype and MT mice early in the course of infection. Viral RNA was detected at day 2 after infection and remained elevated throughout the course of infection. However, by day 8 after The survival curves were constructed using data from three to six separate experiments. The numbers of animals receiving each viral dose ranged from n ϭ 9 (10 PFU) to n ϭ 29 (10 6 PFU). All animals were inoculated with virus stocks from the same passage (P ϭ 1). (B) RAG1 mice. RAG1 or wild-type C57BL/6J mice were inoculated via the footpad with 10 2 or 10 6 PFU of WNV. The survival curves were constructed from data from at least three independent experiments. (C) RAG1 adoptive transfer studies. Splenocytes and purified B cells were harvested from naïve or immune congenic wild-type animals and injected into RAG1 mice 1 day prior to infection with 10 2 PFU of WNV. Survival data are indicated and reflect results from at least three independent experiments. (D) MT mice. MT or wild-type C57BL/6J mice were inoculated via the footpad with 10 2 or 10 6 PFU of WNV. The results shown reflect data from at least five independent experiments.
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infection, ϳ10-fold higher levels of WNV RNA were measured in the lymph nodes from MT mice (Fig. 3C) .
(iii) Spleen. In wild-type mice, the levels of infectious WNV in the spleen peaked at day 4 after infection, decreased by day 6, and were absent at day 8. Although comparable levels were observed in MT mice at days 4 and 6, there was no clearance phase, as levels of virus (10 4 PFU/g) persisted in the spleen after day 6 (Fig. 3A) . A similar trend was observed when viral RNA levels were measured (data not shown).
(iv) CNS. Similar levels of infectious virus were detected in the brain and spinal cord of wild-type and MT mice at 4 days after infection. Since infectious virus appeared concurrently at more than one site in the CNS, WNV appears to spread by a hematogenous route. By day 6, markedly increased viral loads were detected in the brain and inferior and superior spinal cord of MT mice; by day 8, B-cell-and antibody-deficient mice had 100-to 500-fold higher levels of infectious virus and viral RNA in multiple regions of the CNS (Fig. 3B and data not shown). Immunohistochemistry corroborated these results (Fig. 1) . Prominent staining for viral antigen was observed in the brain stem, cerebral cortex, hippocampus, and cerebellum of MT mice. Based on histological appearance, high-grade infection was found to occur primarily in neurons and, in many fields, coincided with evidence of neuronal injury or cell death. The difference in CNS viral loads between wild-type and MT mice was not explained by the ultimate bias of the survival curves, because no individual wild-type mouse had viral titers in the brain that approached those in the MT mice (e.g., the maximum titer in the brain of a wild-type mouse was 5.5 ϫ 10 5 PFU/ml) at any day after infection. throughout the course of infection. In contrast, after day 4, infectious virus (Ͼ10 4 PFU/g) and viral RNA (Ͼ2 ϫ 10 4 copies of WNV RNA per g of 18S rRNA) were detected in the livers of all MT mice. At later time points, the levels of infectious WNV in livers of MT mice exceeded those found in the serum (Fig. 3A) .
Role of B cells and immunoglobulin. Although the virologic, histologic, and clinical analyses showed that MT mice had increased CNS viral burdens and mortality rates relative to wild-type mice, the mechanism for this remained unclear. We speculated that specific antibody against WNV directly prevented dissemination of WNV in the CNS. To evaluate this hypothesis, we assessed the kinetics of neutralizing-antibody formation by a viral plaque reduction assay (Fig. 4A) . As expected, no neutralizing antibodies were detected in MT mice at any point during the course of infection. In contrast, low levels (inhibitory titer of 1/10 to 1/20) of neutralizing antibodies were detected in wild-type mice at day 4 after infection. After day 4, inhibitory titers increased. Finally, at the level of sensitivity of our plaque reduction assay, neutralizing antibodies were not detected in serum from naïve animals or from wild-type animals within 2 days of the initial infection.
To directly address the protective nature of antibody, independent of B cells, MT mice were passively administered sera collected from wild-type mice that were naïve or immune to WNV or that were exposed to WNV for 4 days, the earliest time when neutralizing antibodies were detected. MT mice were inoculated with 0.5 ml of heat-inactivated serum 1 day prior to and after infection with 10 2 PFU of WNV (Fig. 5) . Although similar quantities of naïve serum protected MT mice against infection with other viruses (34), it had no significant effect on mortality or average survival time (P Ͼ 0.7). When MT mice were given immune serum obtained from wild-type mice, they were completely protected against infection with 10 2 PFU of WNV (P Ͻ 0.0001). Treatment of MT mice with serum from wild-type mice that were at 4 days postinfection led to an intermediate phenotype; although there was a significant increase in average survival time (14 versus 10 days; P Ͻ 0.0001), all animals ultimately succumbed to infection. To determine the role of IgM or IgG in mediating protection, an isotype-specific ELISA against solid-phase WNV antigen was performed. Specific IgM was detected as early as day 4 after infection, whereas specific anti-WNV IgG was not detected until 8 days after infection (Fig. 4B) . Chemical and immunologic depletion of IgM confirmed this result. Treatment with 0.05 M ␤-mercaptoethanol (which destroys IgM but not IgG [42] ) or preclearing with anti-IgM agarose completely abolished the neutralizing activity of serum obtained at day 4 after infection but not at day 10 or 28 ( Fig. 4C and data not  shown) . Thus, day 10 and immune sera contained primarily IgG-specific antibodies against WNV but day 4 serum contained exclusively IgM-specific antibodies against WNV.
DISCUSSION
Although prior WNV infection models in rodents documented the neurotropic character of the virus (15, 16, 49, 50) , the mechanism of viral spread and the role of the adaptive immune system in limiting dissemination were not determined. In this paper, by comparing infection in wild-type and congenic B-cell-and antibody-deficient mice, we established the kinetics of the spread of WNV infection from lymphoid tissue to serum to the CNS and determined how the development of antibody impedes this process. In wild-type C57BL/6 mice, WNV infec- tion began peripherally and, in a subset of animals, disseminated to the CNS by a hematogenous route. Congenic mice that lacked B cells and antibody were more viremic, and this corresponded with high-grade dissemination in the CNS and adverse outcome. Infection model in wild-type C57BL/6 mice. Wild-type mice replicated virus locally in draining lymph nodes and developed a peak level of viremia within 2 days of infection. By day 4, viral infection was detected in the spleen and multiple sites in the CNS, a pattern most consistent with hematogenous spread. Overall, high-grade viral dissemination to the brain was limited to a subset of wild-type animals: these mice were morbidly ill whereas wild-type mice that had lower viral burdens in the CNS exhibited milder clinical symptoms. Since all wild-type mice showed evidence of peripheral infection, the extent of CNS dissemination may be determined by the kinetics of production of anti-WNV antibody during the early phase of infection. Interestingly, clearance of viral infection in the serum and spleen later in the infection course did not correlate with CNS dissemination or outcome; wild-type moribund mice with evidence of disseminated CNS infection nonetheless retained the ability to clear infectious virus from these peripheral compartments.
WNV replication was observed at several extraneural sites, including lymph nodes, spleen, and kidney (data not shown). Our data are consistent with those of prior studies (26, 50) that documented WNV replication at several extraneural sites, including spleen, kidney, and muscle. At present, the extraneural cellular target of WNV replication remains uncertain; histopathologic and in situ hybridization studies to define permissive cell types in the spleen are under way. Based on cell culture infection studies, cells of myeloid origin (9, 10, 17, 18) , including tissue macrophages and dendritic cells, may be targets for WNV infection.
There was little difference in overall survival or average survival times over a broad range of inoculating doses. This striking lack of dose-dependent mortality was not seen in previous studies with WNV in which C3H/HeN or outbred mice were inoculated via the intraperitoneal route (15, 16, 49) . It was, however, observed after infection with the related Murray Valley encephalitis flavivirus (30) .
Infection in immunodeficient mice. RAG1 and MT mice were more vulnerable to lethal WNV infection. Animals developed a rapid-onset paralysis, and high levels of virus and viral RNA were detected peripherally and in the CNS. Similarly, SCID mice developed high-grade viremia and CNS infection and succumbed to infection after inoculation with a candidate WNV vaccine strain (22) . B cells and antibody have been proposed to protect against encephalitis caused by other flaviviruses (8, 25, 32, 38) and non-flaviviruses (6, 19, 20, 33, 37, 43, 44, 48) . In some of these infection models (e.g., Sindbis, murine hepatitis, and lymphocytic choriomeningitis viruses), antibody and B cells contribute to the eradication of infection by clearing virus from the brain (19, 29) or preventing viral recrudescence (6, 43) . Our data suggest that antibody and B cells directly limit the dissemination of WNV in the CNS early during the course of infection. MT mice had an ϳ500-fold increase in serum viral load at day 4 after infection; this led to a markedly increased viral burden in neurons in the CNS at day 6 and provoked a rapidly fatal encephalitis.
Antibody protection. Specific antibodies against WNV were initially detected 4 days after infection in wild-type animals, which was the same time when high-grade viremia was first detected in MT mice. An isotype-specific ELISA confirmed that these were exclusively IgM. Nonetheless, induced IgM against WNV, derived from wild-type mice 4 days after infection, prolonged but did not guarantee survival of MT mice. Although these same IgM antibodies were demonstrated to have neutralizing capacity, they could not eradicate infection in MT mice. Additional studies must be performed to determine whether higher doses of anti-WNV IgM can confer complete protection in MT mice and whether equivalent amounts of anti-WNV IgM from day 4 serum can protect wild-type mice. Higher doses of anti-WNV IgM may never eliminate WNV infection in MT mice because IgM cannot trigger the mature IgG response that is necessary for eradication. Indeed, only immune serum that contained both anti-WNV IgM and IgG prevented morbidity and mortality in MT mice. Specific IgM may have a dual role early during viral infection: to limit dissemination by temporarily containing viremia and to trigger an adaptive IgG response that eliminates viral infection (35) . Recent experiments with complement-deficient mice (M. Diamond, E. Mehlhop, and M. Engle, unpublished observations) suggest that anti-WNV IgM may induce a mature humoral response by activating complement and facilitating T-cell-dependent and -independent antibody production (36) .
In contrast to induced antibody, "natural" antibody (primarily IgM generated from CD5 ϩ B-1 cells [3, 11, 34] ) obtained from naïve mice did not attenuate WNV infection. Our results contrast with data obtained with vesicular stomatitis virus (34) , where passive administration of natural antibody to MT mice improved survival after infection. Several variables may influence the efficacy of natural antibodies in preventing infection, including the viral inoculum, the kinetics of viral replication, the site of virus inoculation and antibody administration, and the absolute amount of natural antibody transferred. More- FIG. 5 . Passive administration of serum to MT mice. Serum samples were collected from mice that were naïve or immune or at 4 days postinfection with WNV. After heat inactivation, 0.5 ml of serum was administered to MT mice 1 day prior to and after infection with 10 detailed experiments are required before a definitive conclusion can be reached regarding the protective role of natural antibodies against WNV.
Overall, our data suggest the importance of the early antibody response in containing viremia and limiting disseminated infection of WNV in the CNS. These results are consistent with those of earlier studies that showed that the absence of B and T cells (SCID mice) but not that of T cells alone (nude mice) in the BALB/c background increased mortality associated with WNV infection (22) . Nonetheless, it is likely that other aspects of the innate (e.g., interferon and NK cells) and adaptive (T cells) immune systems also have critical roles in controlling WNV infection. Indeed, preliminary experiments in our laboratory demonstrated that genetic deficiencies of gamma interferon or CD4 ϩ or CD8 ϩ T cells cause increased mortality in C57BL/6 mice (M. Engle, B. Shrestha, and M. Diamond, unpublished observations).
It is intriguing that severe human WNV infection, which is heavily biased toward an elderly population, occurs because of a dysfunctional antibody response against WNV early during infection; many elderly people have decreased antibody production and shortened durations of protective immunity following immunization (39, 51 
